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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 
TECHNICAL NOTE 2402 
CONSTRUCTION AND USE OF CHARTS IN DESIGN STUDIES OF GAS TURBINES 
By Sumner Alpert and Rose M. Litr enta 
SUMMARY 
A method is presented for the computat ion and graphic representa-
t i on of a series of possible turbine designs ~or any speci~ic applica-
tion. The use o~ a preliminary design chart is suggested for deter-
mining the number of stages and the effects of exi t whirl and annular-
area divergence on possible co~igurations. A specific design chart 
can then be made to aid in the study of the relations between turbine 
radius ratiO, diameter, and significant design par ameters such as Mach 
numbers , turning angles) and blade root stresses . 
INTRODUCTION 
In designing turbines for aircraft engines , it is desirable to 
obt ain units having high reliability, light weight ) low frontal area, 
simplicity, and high ef~iciency . Because t he number of variables 
involved in designing turbines is large and the re l ations among them 
ar e complex, determination of the best design compromises may become 
quite involved. A method of computation and graphi c presentation o~ 
a series of possible turbine designs ~or any specific application is 
presented herein to aid in determining these compromises. 
Usually the ~irst step in a design study is t o obtain an estimate 
of the number of stages required, the t ype of velocity diagram to be 
used, and the need for annular ~low-area divergence . A preliminary 
de s ign chart is suggested for this purpose . Such a chart indicates 
whether a single-stage turbine will do the job wit h any specified 
centri~ugal stress at the blade root, Mach number, and size limitations 
that may be imposed. The preliminary chart also indicates the effects 
of exit whirl and annular flow-area divergence. If a single-stage 
turbine is inadequate, each stage of a multis t age unit can be checked 
against the design limitations so that an estimat e can be made of the 
number of stages required. 
With the i~ormation obtained from the pr eliminary chart, a spe-
cific design chart can be made for each stage of the required turbine. 
The specific design chart presents the parameters that describe the 
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flow within the stage in terms of velocities and flow angles and relates 
these parameters to design variables such as size, radius ratio, cen-
trifugal stress at the blade root , rotative speed, and specific weight 
flow. This chart contains sufficient information for fixing the 
dimensions of the unit . 
The results obtained by the methods given in this report should be 
considered as preliminary in nature because of the simplifying assump -
tions that are used. These results serve to eliminate areas in which 
design limitations cannot be sat isfied and indicate the points for 
which final analyses should yield suitable designs. 
ANALYSIS 
Assumptions . - The following assumptions are made herein: (1) one-
dimensional flow occurs with no radial components , (2) all losses take 
place in the rotor, and (3) a constant value of the ratio of specific 
heats exists. 
It is assumed that there are no radial or circumferential varia-
tions in one - dimensional flow . The va lue of the specific weight flow 
at one radius is considered to b e repr esentative of the values over the 
entire blade height . The effects of radial variations can be estimated 
f rom the charts for some types of design, specifically where constant 
specific work over the blade he i ght is used . The aS9umption of no 
radia l components re~uires that the flow entering a row of blades at 
any fixed radius leave that r ow at the same radius . The assumptions 
do not preclude the use of an annular -area convergence or divergence . 
Most turbine stators have conver gent flow passages with favorable 
pressure gradients ; therefore , the flow coefficient is usually very 
close to 1 . 0 and the assumption that all losses occur in the rotor 
should not introduce appr eciable errors . Boundary- layer accumulations 
can be taken into account by means of area changes to compensate for 
expected blockage . An efficiency value for the rotor process is 
assumed. 
Radial shifts in weight flow, stator losses , and the appropr iate 
variation of the value of the r atio of specific heats should be con-
sidered in the final design analysis . 
Par ameters . - The ~uantities re ~uired to fix the t urbine des i gn 
cons i s t bf ( 1) gas weight flow, (2 ) blade velocity or r otative speed, 
(3) inlet total temperature and pr essure , and ( 4) re~uired work output . 
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The form in which these quantities are used should be dependent on 
the specific application. Where the values of the quantities listed are 
fixed, the charts indicate possible configurations that could do the 
required job. If, however, it is desired to conduct the design studies 
of the turbine with consideration of possible variations of these 
quantities, the charts can be adapted to relate turbine parameters to 
corresponding parameters describing the driven component. For 
example, where the turbine is to be coupled to a compressor, as in a 
turbo jet engine, it is convenient to relate the parameters to the com-
pressor, i n that compressor designs usually tend to limit the range 
of possible turbine configurations. For such an application, the gas 
weight flow would be considered equal to t he compressor air weight flow 
and a useful paramet er would be gas weight flow corrected to compressor 
inlet conditions. The rotative speed of the turbine is related to that 
of the compressor; therefore, the compressor-tip speed could be used 
as a variable and the turbine speed may b e expressed as a function of 
the ratio of the diameters of the two components. 
Significant parameters that describe a design are the 
velocities and the angles comprising t he velocity diagram. Specifi-
cally, for evaluation of designs, rotor-inlet and -outlet relative 
velociti es and the stage exit velocity and flow angle are important. 
VelOCity is usually given as a Mach number in studies of compressible-
flow phenomena; in this report, however, velocity is expressed as a 
critical velocity ratio V/acr where acr is the critical sonic speed, 
a function of the stagnation t emperature, and is defined as 
1 
a = ('!-Y gRT ,\ Z ( 1) 
cr '-1+1 ) 
(All symbols used in this r epor t are defined in appendix A. The 
notation is illustrated in fig. 1. ) 
The critical velocity ratio will have a value of 1.0 when the 
velocity is such that the Mach number is equal to 1.0. For higher or 
lower velocities, the critical velocity ratio will differ somewhat from 
the Mach number. The relation between Mach number and critical velocity 
ratio is presented in reference 1 (equation (43». A plot of Mach num-
ber against critical velocity ratio for a ratio of specific heats y of 
1.30 is presented in figure 2. 
The specific weight-flow parameter us ed is defined as 
w 
= Ap ' a cr 
( 2) 
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The annul ar -flow area A is defined as 
( 3) 
Turbine -stress limits must be considered in the evaluation of 
designs . The stress parameter, a measure of the centrifugal stress at 
the blade r oot, can be expr essed as 
CJ 
--= ( 4) 
where CJ is the centrifugal stress at the blade root, T the taper fac-
tor, and pt the density of the blade material . The derivation of this 
equation is presented in refer ence 2 . 
By combining equations (3) and (4) and using the relation 
mrT = UT, it can be shown that 
CJ 
- - = 
(1)2 A 
2ng144 
Thus , for constant rotative speed, the centrifugal stress is propor - . 
tional to the annular -flow area. By substituting equations (1), (3), 
and (4) and the equation of state into equation (2), the following 
equation is obtained: 
1 
2 
f!\(y+l)] 1 L 2y g3 J 288 
( 5) 
( 6) 
An adjusted specific weight -flow parameter F results if each of 
the quantities in equation (6 ) is divided by a representative value. 
w Pb 500 
F = --2 CJ T 30,000 
nrT 
From equations (6) and (7) 
1 
~~6S (2~~O? 
F := K 
1 ( 7) 
p'/7000 
( 8) 
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where the constant K is a function of y, 
va lues in equation (7). For y = 1.30 and 
64.29 pVx 
F = 
R, and the r epresentative 
R = 53. 3, 
If the terms UT, T', pI, Pb' and a/T in the parameter F have 
t he numerical values appearing in the denominator of their respective 
rat ios } the entire parameter would b e equal to the weight flow per uni t 
turbine frontal area. 
The terms of equation (7) that define the parameter F can be 
rearranged to suit specific applications. The form of equation (7) has 
been found useful in the study of turbines for t urbojet engines. For 
ot her arrangements, the blade-speed and r adius terms can be combined 
i nto an angular-velocity expres sion, t he weight flow can b e corrected 
to compressor-inlet conditions, the pressure can be expressed in terms 
of a compressor-pressure ratiO, and so forth. 
The adjusted wei ght-flow parameter F is used in the construction 
of the preliminary de sign chart herein, and the specific weight-flow 
parameter pVx/placr i s used i n the construction of the specific 
des ign chart. 
The specific work paramet er E is def ined as 
5 
E = J.6h I (9 ) ~ 
cr 
wher e a cr is based on t he i nlet total temperature. It can be demon-
strated t hat across a singl e s t age 
q a )~ u, 3 cr,3 
a cr ,3 acr,l 
( 10) 
Working equations. - I n addition to t he preceding equations, the 
fo l lowing are pertinent working equations used in this report: 
From the isentropic-flow relation and the general energy equation 
1 
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The specific weight-flow parameter (equation (2)) can also be written 
1 
P~::r = a:: {l -~~i [~:j + G:JJ} r-l (11) 
It is obvious that 
and that 
A plot of the relation of equation (11) to (13) is presented in 
figure 3. This plot, referred to as a "flow chart", presents the 
specific weight-flow parameter plotted against the critical velocity 
ratio V/ acr with lines of constant axial and tangential components 
( 12) 
( 13) 
and flow angle Q . A large working plot of figure 3 for y = 1.30 is 
inserted in the back of this report. 
The assumption of isentropic flow in the stator results in the 
following relations : 
Tl I = T2 I thus acr 1 = acr 2 } , , ( 14) 
,Pl I = P2 I and p I _ P I 1 - 2 
The continuity equation through a turbine stage may be written 
When the parameter F defined in equations (7) and (8) is used, 
the following equation is obtained: 
F ApIa 2 2 1 cr,l 
Fl Al = P2 lacr,2 
N 
t--' 
--.J 
o 
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From equation (14), 
( 15) 
and for constant area, 
Application of the parameter F to the continuity condition across 
the rotor yields the following result: 
p 'a 2 cr, 2 
p 'a 3 cr, 3 
Generalization of equation (16) yiel ds 
FnAu P1'acr, 1 
FA: p ' a 
1 1 n cr, n 
Equation (17) may also be written 
(p~:x) A \! cr n n (. ,~Vx) Al = 
\P cr 1 
p 'a 1 cr , l 
p 'a 
n cr , n 
Adiabatic efficiency is defined a s 
Tl' - T3' 
T ' 1 
1'] = 
( 16) 
( 17) 
(17a; 
( 18) 
By rearranging terms in equation (18) and intr oduci ng the value 
of E as defined in equation (9) and the r elations described by equa-
tion (14), it can be shown that 
p' p' 1 2 pr=pr= 
3 3 
( 19) 
" 
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Similarly, 
a 
cr,3 
---= 
a 
cr, 2 
a 
cr,3 
---= 
a 
cr,l 
- 2 
Generalization of equation ( 20 ) yields 
1 
acr , n r: 
a = t -
cr,l 
2 ~~i)gEl,t 
(20) 
( 21) 
A plot of this function for values of I = 1.40 and 1.30 appears 
in figure 4 . 
From equations (16), (19 ), (20) and the equation of state 
(22) 
A plot of this relation for values of the adiabatic efficiency ~ 
of 0 .90 and 0 . 85 and for I of 1.30 and 1.40 appears in figure 5. 
For any value of the tangential component, there exists a maximum 
value of the specific weight-flow parameter (see fig . 3). This rela-
tion can be found by taking the partial derivative of equation (11) with 
respect to the axial component Vx/acr and setting it equal to zero. 
The axial component of the critical velocity ratio for this condition 
is 
By using t he relation between a and acr (reference 1, equa-
tion (29 ) ) it can be shown that t his condition corresponds to 
At this point, the passage is said to be choked . 
(23) 
(24) 
----------
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The following equation is obtained by substituting equation (23) 
i nto equation (11): 
1 
G -~~i (:~Jr {l y-l r - _ 11 y+l I 
L 
A plot of this relation for y = 1.30 appears in figure 6. 
( 25) 
Required velocities are found by solving the right-triangle rela-
t ions involved in the velocity diagram (fig . 1) . I n computing the rotor 
i n l et relative velocity, and its expression as a critical velocity 
ratio, the value of the critical sonic speed should be based on the 
rel ative stagnation temper ature. 
The static temperature at any station may be written in terms of 
relative stagnation temperature and relative veloc i t y or in terms of 
absolute stagnation temperature and ve l ocity: 
w2 T = Til - =--- = 
2y gR 
y-l 
T' -
2y gR 
y -l 
By us e of this relation and equation (1), t he ratio of relative crit-
ical sonic speed to the absolute value at any station is found to be 
(26) 
From the velocity diagram (fig. l(b)) 
w 
--= (27) 
Substitution of equation (27) into equation (26) yields 
1 
a" {l - II V u (a~JJ } 2 cr y- u ( 28) --= y+l 2 acr a 
cr 
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PRELiMINARY DESIGN CHART 
The purpose of the preliminary design chart is to aid in the 
determination of the number of stages that will be reQuired and to 
demonstrate the influence of exit whirl and annular-area divergence 
on possible designs. 
Des cription 
A typical preliminary design chart is shown in figure 7(a). The 
chart consists of two parts ; the left side is a plot of the parameter F 
against the tangential component of the critical velocity ratio V /a 
u cr 
with lines of constant axial component of the critical velocity ratio 
vx/acr • This section of the chart is plotted by use of eQuations (8) 
and (11) . Lines of constant flow angle ~ are determined by use of 
eQuation (13 ) . An extension of t he chart for negative values of the 
tangential component can be added. For that region, the flow angle 
would be greater than 900 • Such an extension would be perfectly sym-
metrica l with the region of positive tangential component; it is there-
fore omitted . If negative values are desired, the supplements of the 
flow angles that appear on the plot must be used . The left portion of 
the preliminary design charts thus applies to any station between blade 
rows in a turbine. 
A line of maximum value of t he or dinate can be drawn as an envelope 
to the curves. This line, shown as the dashed curve on figure 7(a) , 
can be computed from eQuations ( 8) and (25). All physically possible 
points will lie below the enve~ope . The portion of the supersonic 
domain with axial components of the critical velocity ratio greater than 
1 . 0 are omitted for clarity. 
The right side of the pr eliminary design chart is a plot based on 
eQuation (22), which relates the values of the parameter F before and 
after the rotor in terms of the specific work parameter E for a con-
stant area configuration and an a s signed value of the adiabatic 
efficiency. 
The charts presented in figure 7 were constructed for a r atio of 
specific heats of 1.30 and an adiabatic efficiency of 0.90. 
Applications 
The starting point i n any analysis depends upon the factors that 
are aSSigned or limited. 
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Single- stage turbine with zero exit whirl. - For a design having 
;:::t-e-:-=:..:;t::....t-:...,.:"""'i~:-:~,..:;:::..t-t;-::~;-d-:";;". n-:;-1:W-t-e-a'7:-h-;-:7:-:-e-("""'::-;:~;-)-:~:;-:h;-:-. r-o;:: :o::::::d:
a
:: :n 
which sufficient information is supplied to define the parameter F 
at the inlet to the turbine, it can fir st be assumed that the annular-
flow area across the stator is constant , and Fl = F2 • For the 
ass i gned blade speed, inlet total temperature, and required specific 
work, equation (10) can be solved for the tangential component at sta-
tion 2 , Vu,2/acr,1. The values of F2 and VU, 2/ aCr,1 define a 
point on the left side of the preliminary design chart (fig. 7). By 
using the right side and the ass i gned value of E, the value of F3 
can be found for any assigned area ratio A3/A2 • This application is 
illustrated in the following example: 
Illustr ative example I - Zero - exit -whirl design. - For this prob-
lem, the follOwing assumptions were made: 
(a) Weight flow per unit turbine frontal area, 20 pounds per sec-
ond per square foot 
(b) Required specific work parameter, 0.0140 
(c) Maximum tolerable stress, 40,000 pounds per square inch 
(d) Taper f actor, 1.0 
( e ) Blade dens i t y, 500 pounds p er cubic foot 
(f ) Turbine - inlet total temper ature , 25000 R 
( g) Turbine-inlet total pressure, 5120 pounds per square foot 
absolute 
(h) Tip speed, 1000 feet per second 
11 
Assi gnment of the parameters in this fashion is representative of 
a t urbine design for jet-engine application , where the air weight flow 
per unit front a l area and tip-speed values are based on compressor 
limitations. If it is assumed t hat the compressor and the turbine have 
the same tip diameter or any assigned ratio of diameters, the conditions 
specifi ed for t he compressor inlet can be readily reduced to corre-
spondi ng values at the turbine inlet. 
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If it is assumed that Al ~ A2 
can be computed from equation (7). 
that 
under the given conditions, F2 
For this example, it will be found 
1 
500 500 20 -;-::::---;:::-=-::f-r=,..--;:= 40,000 30,000 (
1000) 2(2500)2 7000 = 1000 2500 5120 20 .5 (lb/(sec)(sq ft)) 
The following is obtained by using equation (1) and the given 
inlet total temperature and blade speed: 
UT 1000 
-a-- = 2200" == 0.454 
cr,l 
When equation (10) is solved for Vu 2 
--'- with 
acr 1 
V u,2 
---= 
a 
cr,l 
32.2 X 0.0140 
0.454 
, 
= 0 .993 
Vu ,3 
--- = 0, 
acr ,3 
With these values of F2 and Vu 2/acr l' the point on the pre-, , 
liminary design chart corresponding to station 2 can be located. This 
example is worked out on the preliminary design chart shown in fig-
ure 7(b) ; the lines of constant angles and the envelope have been 
omitted for clarity. The value of F3 for constant A can be found 
by drawing a horizontal line from the value of F2 into the right 
section of the plot to the value of E = 0.0140. F3 can be read on 
the abscissa or graphically transferred back to the left side of the 
figure by means of the reflecting line that appears on the right side 
of the preliminary design chart. The point corresponding to rotor-
exit conditions is designated as station 3 on figure 7(b). The exit 
critical velocity ratio is about 0 .68 . If that value is thought to be 
high, it can be reduced by a divergence of the annular-flow area to 
give the desired exit -velocity ratio. For example, if a value 'of 0.60 
is desired, the exit flow will be represented by point 3(a) on fig-
ure 7(b). The area divergence can be readily computed from the ratio 
of the values of F as 
A F3 3,a 35.2 li?: = F3, a = 32.9 = 1.07 
The increase in area for constant rotative speed r esults in a stress 
increape as shown by equation (5). The new value is 40, OOOX1.07 or 
42 , 800 pounds per square inch. 
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The rotor-inlet critical velocity rat io 
components by means of equation (12) 
1 
can be obtained from its 
1 
2" aC:~2 ~ [::J: + ~~JJ 2 = [10.610) 2 + ( 0 . 993)~ = 1.16 
13 
By means of equation (27), the r otor-inlet r elative critical veloc -
ity r atio can be found from the known axi al and tangential components 
and the blade-speed ratio as 
1 
W2 \, 2 212 
-- = lio. 610) + (0.993 - 0.454)~ = 0.814 
acr, 2 
This value can be corrected for the value of the relative critical 
sonic speed by use of equation (26). 
-a"n",,-- = 
cr,2 a cr,2 
a 
cr,2 0 .814 
a"cr,2 = { 2l}~-
1 - 0 .130 ~ 1.16) 2 - (0.814) ~ 
0.852 
Single-stage turbine with exit whirl. - As a starting point it is 
desirable to specify maximum tolerable exit conditions for configura-
tions with exit whirl. These conditions can be specified in terms of 
exit axial component Vx,3/acr,3 and t he flow angle ~3' As was pre-
viously mentioned, for negative tangential components, the flow angle 
will be the supplement of the value shown on the chart. The cen-
trifugal stress at the blade root based on the exit conditions can be 
computed. The point corresponding t o station 3 can be located and 
then the conditions at station 2 can be f ound by drawing a horizontal 
l i ne to the reflecting line, a vertical line dawn to the line corre-
sponding to the desired specific work parameter E, and then a hor-
izontal line to the value of the inlet tangential component Vu 2/acr l ' , , 
which can be found from equation (10) . The ratio acr 3/acr 1 of , } 
e quation (10) can be computed from equation (20) or read from figure 4. 
The effect of area divergence through the rotor can be studied by 
adjusting the ratio F3/F2 i n accordance with equation (16). 
Illustrative example II - Exit-whirl design. - If the value of the 
rotor inlet relative velOCity found for example I is considered to be 
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too high, a reduction can be obtained by use of exit whirl. A design 
is studied i n this example for whi ch the r otor -exit axial component is 
limit ed to a value of 0 . 60 with an exit angle ~3 of 1200 in which 
case the tangenti al component will be negative . The supplement of the 
angl e is 600 and the point corresponding to these exit conditions has 
been marked as s t ation 3 on figure 7(c). The value of F3 can be 
read as 30 . 8 . Under the turbine - inlet conditions given in example I, 
F2 is equal to 20.5 ; and for E = 0 . 0140, the exit F based on con-
stant area was equal to 35 . 2 . In or der to get the value of F at the 
exit down to 30 . 8 , an ar ea divergence of 35.2/30 . 8 or 1 .14 will be 
required with a r esulting stress of 45 , 600 pounds per s quare i nch . The 
exit tangential component Vu,3/acr,3 is 0 .35 (fig . 7(c)) and the 
required tangential component at station 2 can be found by use of a 
form of equation (10): 
V 
u,2 = 32 . 2 X 0 . 0140 _ 0 . 35 x 0 .940 = 0 . 664 
a cr 2 0 . 454 , 
The value s of F2 and Vu 2/ acr 2 locate the point on figure 7(c) , , 
marked station 2 . For this point, the rotor inlet relative critical 
velocity ratio w2/ a
ll
cr 2 is found to be 0 . 485 , a considerable reduc -} 
tion over example I . 
Multistage applications . - Preliminary desi gn charts can be used 
in determining the number of stages to be used in the design of multi -
stage turbines . The last stage of such a machi ne usually has the 
highest stress; it i s ther efor e suggested that the possible design 
range of that stage be considered first . 
The preliminary design charts handle one stage at a time , and the 
parameter s i nvolved ar e based on conditions at the i nlet to t hat stage . 
The over -a ll specific work must equal the sum of the stage outputs . 
Because the specific work parameter is based on the inlet temper ature 
of each stage , the fo llowing equation must hold: 
El n = El 3 + E3 5 , } , (
a cr ) 3 )2 E (aCr}5)2 
+ 5 7 + •• 
a cr 1 ' a cr 1 , , . + En - 2 , n 
' a )2 ( cr} n - 2 
\acr 1 ) 
(29 ) 
The last term of equation ( 29 ) can also be written 
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E 
n-2,n 
(~ :r, n-2 a J2 
\ cr,l 
= E ~acr, n)2~cr,n_~2 
n- 2,n a a 
cr,l cr,n 
The specific weight-flow parameters between stages are related as 
shown by equation (17): 
p 'a 
15 
F A 
nn 1 cr,l 
p' a ( 17) 
n cr, n 
The right side of equation (17) is a function of El,n (see equa-
tion (22)) . The exit conditions can thus be computed for any assumed 
area ratio and turbine efficiency for known turbine-inlet conditions. 
With limiting values of the exit velocity set, the re~uired area changes 
can be computed. The point that corresponds to such exit conditions can 
be located on the preliminary design charts, and conditions at the inlet 
to the stage can be obtained by working backwards on the chart. For 
such an analysis, the specific-work output across the stage must be 
considered variable. For an assumed value of En _2,n' the stage may 
be studied by use of equation (10) . The value of U/a cr ,n_2 may be 
computed f rom the known inlet conditions by setting 
~a )~a ) cr,l cr,n a cr ,n acr ,n-2 u u (30 ) = ---a a cr, n-2 cr,l 
The ratio acr,l/acr,n may be evaluated from the known value of 
El,n and acr,n/acr,n-2 from the assigned value of En _2,n. 
When a design has been found such that the size, stress, and crit-
ical velocity r atios ar e satisfactory, the value of E for the stage 
is fixed. By subtracting that value from t he over-all specific work 
and making an adjustment for the inlet -total-temperature changes, the 
remaining specific work can b e computed from 
E - E -1,n-2 - l,n 
E ~cr,n_2)2~acr,n)2 
n-2, n a a 
cr,n cr,l 
( 31) 
The process outlined can be repeated for other stages. 
Illustrative example III - Multistage -turbine design. - For this 
example, the following assumptions were made: 
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(a) Specific work par ameter) 0 . 0314 
(D) Maximum tolerable stress , 30, 000 pounds per square inch 
(c) Taper factor, 1 . 0 
(d) Blade dens i ty, 500 pounds per cubic foot 
(e) Turbine - inlet total temperature, 25000 R 
(f) Turbine - inlet pressure, 23 ,000 pounds per square foot absolute 
(g) Maximum tip speed, 1000 feet per second 
The specific weight flow is considered variable. If it is desired to 
have the last stage operate with zero exit whirl and a maximum critical 
velocity ratio of 0 . 6 , the point r epr esenting the exit flow can be 
located on the preliminary design chart. This example is illustrated 
in figure 7(d) , where the exit point is marked as station n. The value 
of Fn is equal to 32.8 . For a constant-area deSign, the value of F 
at the inlet to the turbine can be found from the right side of the 
preliminary design chart for the assigned value of E or computed from 
equation ( 22 ); for this problem, the computed value of F is 8 .52 . For 
this value of F and other assigned factors, the weight flow per tur-
bine frontal unit area can be found from equation (7) to be 28.0 pounds 
per second per square foot. 
In considering the last stage only, and starting with the exit 
point , a trial value of En - 2,n = 0 . 015 is assumed . With no increase 
in tip diameter, the blade speed based on conditions at the inlet to 
the stage can be found from equation (30) and by use of either equa-
tion (21) or figure 4 . 
U 1000 (0 . 935) 
---:::: 2200 0 . 858 :::: 0.495 
a cr , n -2 
The r equired tangential component at station n-l can be found from 
a form of equation (10) . 
V 
u, n-l :::: 
acr,n- l 
32 . 2 X 0 . 015 
0 . 495 ::: 0 .976 
This point is designated as station n-l in figure 7(d) . The value 
of Fn _l is equal to 18 . 2 . VelOCity diagrams can be computed for this 
design . The remaining specific wor k can be found from equation (31) 
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(0.858..)2 
El ,n- 2 = 0 . 0314 - 0 .015 \0.935) = 0.0188 
A one-stage design with exit whirl will be sought for this value. 
The tolerable exit tangential component will be set such that the flow 
angle ~ e~uals 1200 • For this value, the tangential component is 
negative and ~ e~uals 600 (the supplement of the desired value) will 
be used on the preliminary design chart. Also, the exit axial component 
of the critical velocity ratio will be limited to 0.60. The design of 
thi s stage is illustrated in figure 7(e), where the exit point is 
station 3 . The values of F3 and VU,3/acr, 3 are 30.9 and 0.35, 
respectively. By working backwards with the value of El 3 equal , 
to 0.0188, the value of F2 is found to be 14 . 5. If the tip speed 
of the first stage is assumed equal to the tip speed of the second and 
equation (10) is solved with the use of figure 4, the required value 
of the inlet tangential component is obtained: 
Vu 2 32.2 X 0.0188 
-'- = ----:::--:-~-- - 0.35 X 0.917 = 
acr,l 0 . 454 1.01 
This point is marked as station 2 in figure 7(e). The velocity 
diagrams can be computed for that design . If this one-stage design is 
not satisfactory, a two-stage configuration might be tried so that an 
over-all three-stage turbine would result . Alternatively, a redesign 
of the last stage might be considered in light of the study of the 
first stage. When satisfactory velocity diagrams have been obtained, 
the ratio of the values of the parameter F3 actually used to the 
values re~uired by equation (17) will i ndi cate the re~uired annular-
area diver gence . In the illustrative example just worked, the value 
of F3 re~uired by e~uation (17) is 18 . 2, but the flow at station 3 
is set such that the value of F3 actually used is 30.9. In order 
to obtain this condition, the area of the first stage must be reduced 
by the r atio 18. 2/ 30 .9 = 0 . 589 of t he area of the second stage. 
In this example , a constant tip diameter and therefore a constant 
tip speed was assumed. The designer is free, however, to specify how 
the necessary area divergence is to b e accqmplished. 
; 
l 
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SPECIFIC DESIGN CHARTS 
When the general type of turbine has been fixed in a manner such 
as has been described in the preceding section} a specific design 
chart can be used to aid in fixing the turbine dimensions. The speci-
fic design charts must be made up individually for each r equired stage-
specific-work output. The area ratio across the stage and the effi-
ciency must also be known or assumed . Each chart also represents a 
fixed type of velocity diagram. The three types of chart discussed in 
this report are: 
Type A, Zero-exit whirl 
Type B} Fixed rotor-exit critica l velocity ratio with variable 
exit whirl 
Type C} Fixed rotor - inlet relative critical velocity ratio with 
variable exit whirl 
Description 
Representative charts for these three types appear in figure 8 . 
The equations necessary for the construction of the charts ar e presented 
in appendixes B to E. The main body of the charts is a plot of the 
specific weight-flow parameter ahead of the rotor against the blade-
speed parameter. Lines of constant value of critical velocity ratios 
such as rotor-inlet relative velocity} rotor-exit r elative velocity} 
and axial velocity components are contained on the plot. The impulse 
line) which separates the region of positive reaction from the region 
of negative reaction} has been included in the plots} as well as a 
line for ~ equals 200 • Definite envelopes exist for portions of the 
curves. The equations defining these envelopes are discussed in the 
appendixes. The envelopes indicate the regions on the charts in which 
all the possible turbine designs for the assigned conditions lie. How-
ever} practical considerations may impose limits which lie below the 
envelopes. 
In the zero-exit-whirl chart (fig . 8(a) ), the ordinate is a func-
tion of the exit critical velocity ratio for any given area ratiO; in 
the chart for exit whirl with fixed exit velocity (fig. 8(b))} the 
ordinate is a function of the exit flow angle for an assigned area 
ratio. In both cases an auxiliary scale can be plotted along the 
ordinate . 
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Because conditions at the blade root are generally the most criti -
cal, the abscissa for the representati ve f igures i s taken as the blade 
speed at the root of the blade . For given values of the inlet total 
temperature, the abscissa can b e related t o radius ratio , tip speed, 
and stress, and such a side plot can be added. I f the inlet total pres -
sure is also known, the ordinate can be related to the weight flow. In 
the representative charts, the weight flow has b een utilized in the form 
of a weight flow corrected to compr es sor-inlet conditions divided by the 
turbine frontal area based on tip diameter : 
The equations for computing the s ide plots are given in appendix E. 
For any application, the form in whieh such side plots can be most 
advantageously utilized is dependent on the form i n which design condi -
tions and limits are set. 
Applications 
The specific design charts lend t hemselves to several possible 
applications depending on the nature of the specif ic problem. For 
example , desirable points can be marked on the charts , and values of 
speed and weight flow can b e computed from the abscissa and the ordi-
nate. By use of the side plots, designs f or limit ing stresses and 
desired weight flows or other combinations of the parameters may be 
investigated. 
Estimation of radial variations in flow. - An estimate of the 
ve locity diagrams at other r adii can be made by us e of the charts for 
designs having constant specific work output over the blade height. 
For designs which also specify constant specific weight flow, the charts 
will directly give the velocity diagrams at other radii as radial 
variations will occur along a line of a constant value of the ordinate. 
The abscissas of the points that corre spond to flow at other radii can 
be obtained from the values of the blade-speed ratio at those radii. 
For other designs with constant specific-work output over the blade 
height, only an estimate can be made. For example, for free vortex, 
s imple radial-equilibrium designs, the axi al components are constant 
over the blade height. Lines of constant axial component at station 2 
have been added in figure 8(a). The velocity diagrams at other radii 
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can be obtained by using the abscissas of the points that correspond to 
flow at other r adii and by moving along a line of constant axia~, com-
ponent a t s t ation 2 . It will b e noted that as such r adial varia~ions 
are studied on figure 8(a), the value of the exit axial critical velocity 
ratio will not r emai n constant as is required for free-vortex, simple 
radial-equilibrium desi gn because of the assumption that no radial 
shifts of mass flow t ake place in the stage. In addition, an integra-
tion of the specific wei ght flow over the blade hei ght will be i n error 
because of the one -dimensional flow as sumption . 
I l lustrative example IV - Applications of specific design charts . -
Assume that study is required of possible turbine designs for a jet-
power ed airplane to fly at the fol l owing conditions : 
Compr essor inlet total pressure, lb/sq ft abs .•• • • 
Compres sor i nl et total temper ature, ~ . • • • • 
Compressor pressure ratio . • • . • ••• 
Compressor enthalpy rise , Btu/ lb . • • • 
Turbine i nlet total temperature , ~ • 
Turbine inlet t otal pressure, lb/sq ft abs . 
898 
471 
• • •• 6 
· • 87 . 0 
• • 2500 
• • 5120 
For these conditions , the value of the specific work parameter E for 
the turbine is 0 . 0140 . This value i s us ed in constructing the r epr esen-
tati ve charts (fig . 8) . Constant annul ar area and an efficiency of 
0 .90 were as sumed . The side plot below the abscissa is computed for the 
given turbine i nlet total temper ature and an assumed blade density of 
490 pounds per cubic foot . 
A series of possible designs will be sought that will enab l e 
driving a compressor having a tip speed of 1065 feet per second and a 
corrected wei ght flow per unit turbine frontal ar ea of 30 pounds per 
second per square foot . This example is illustrated in figure 9, in 
which the zero-exit -whirl configuration was used. The basic chart is 
identical to that presented in f i gure 8 (a) , except that the axi al-
component lines have been omitted for clarity. A line corresponding 
to a t ip speed of 1065 f eet per second has been added to the side plot 
below the abscissa . The locus of points common to this speed line and 
the line in the ordinate side plot, which has a value of 30 pounds per 
second per square foot, ar e then plotted f or e qual values of the r adius 
ratio. This line is marked 1065 , 30 i n figure 99 it r epr esents possible 
turbine deSigns having the same tip diameter as the compressor. Pos-
sible t urbine designs that have tip diameters lar ger than the compres-
sor can be s imilarly plotted because the corr esponding turbine tip 
speed will vary directly as the r atiO of turbine- to compressor-tip 
diameters , and the weight-flow t er m varies inversely as the square of 
N 
t--' 
--J 
o 
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the ratio. Curves of turbines having tip speeds of 1200 and 1400 feet 
per second and thus weight flows of 23.6 and 17.4 pounds per second per 
square foot , respectively, have been plotted on figure 9. In addition, 
the lines of constant radius ratio have been added. 
As the 1065 - line lies outside of the envelope of the curves, no 
designs can be obtained in that region because the areas will not pass 
the required air weight flow. P0ssible designs can be studied by con-
sidering the desirable rotor inlet and exit critical velocity ratios, 
s tress, degre~ of reaction, and other factors. 
If a desirable point of operation is selected that does not fall 
on one of the plotted tip-speed curves, the expansion, or contraction 
of the turbine diameter required can readily be found. A line of known 
( UT )* ~~/'6c~* tip speed and weight flow --- and 2 is plotted in fig-
acr rtrT 
ure 10. A horizontal line corresponds to constant annulus area, a 
vertical line to constant radius, and the point m to a known point on 
the curve; the required values of tip speed and weight flow at point n 
can be obtained by using the following equations: 
1 {l G:): ~ (~:)J} 2 ( 32) 
and 
= 2 ~T, n/rT,m) 
( 33) 
The r adius ratio at point n can be determined from 
1 
(:~)n ~ { 1 -(::;:)2 ~ -G:)J } 2 ( 34) 
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CONCLUDING REMARKS 
A method has been presented for the computation and graphic pre-
s entation of a series of possible t urbine designs for any specific 
application . A preliminary design chart is used to obtain an estimate 
of t~e number of stages required) the type of velocity diagram, and the 
need for annular flow-area divergence. This chart is gener al and can 
be used for a preliminary study of any design . 
The specific design chart is constructed with the information 
obtained from the preliminary design chart. The area r atiO, the spe -
cific work, and the efficiency must be known or assumed before this 
chart can b e constructed. The specific design ~hart r elates the flow 
within the stage in terms of critica l velOCity r atios and flow angles 
to design variables, such as size , r adius ratiO, centrifugal stress , 
and r otative speed . The principal use of the design charts is to 
present the relations among the design variables in such a way as to 
facilitate the determination of the best design compromises necessary 
to obtain the desired configuration. 
Because of the assumptions made, the information obtained from 
the charts should be considered as preliminary in nature, and a more 
accurate final design analysis should be made . 
Lewis Flight Propulsion Laboratory, 
National Advisory Committee for Aeronautics , 
Cleveland, OhiO, March 22 , 1951. 
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APPENDIX A 
SYMBOLS 
The following symbols are used in this report : 
A 
a 
E 
F 
annular flow area, sq ft 
velocity of sound, ft/sec 
JAh 2/ work parameter, ----2' sec ft 
acr 
adjusted specific weight-flow parameter, 
(~)( ~/500 \(~)2(~)~1 ,lb!(sec)(sq ftl ~T2 ~/T/30,006) 1000 2500 p'/7000 
g gravitational constant, 32.2 ft/sec 2 
h specific enthalpy, Btu/lb 
J mechanical equivalent of heat, 778 ft-lb/Btu 
K constant 
p absolute pressure, 1b/sq ft 
R gas constant, ft-lb/(lb)(OR) 
r radius, ft 
T absolute temperature, oR 
U blade velocity, ft/sec 
v absolute velocity of gas, ft/ sec 
W relative velocity of gas, ft/sec 
w weight-flow rate of gas, lb/sec 
~ flow angle of absolute velocity measured from tangential 
direction (fig . 2), deg 
23 
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flow angle of relative velocity measured from tangential 
direction (fig. 2)) deg 
r ratio of specific heats 
prefix to indicate change 
o pressure reduction ratio) p/PO 
~ adiabatic efficiency 
e temperature reduction ratio) T/TO 
p gas density} Ib/cu ft 
pt density of blade material) Ib/cu ft 
~ centrifugal stress at blade root) Ib/sq in. 
T taper factor) ratio of IT in tapered blade to IT in untapered 
blade 
m angular velocity) radians/sec 
Subscripts: 
c compressor-inlet stagnation conditions 
cr critical) state at speed of sound 
h station at inner radius 
m)n representative points 
max maximum value due to choking 
T station at outer radius 
u tangential component 
x axial component 
o 
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l,2,3 •. n stations (fig. l) 
o NACA sea-level air 
o 
~ 
N Superscripts: 
• reference line or state 
stagnation state 
II stagnation state relative t o r otor 
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APPENDIX B 
CONSTRUCTION OF TYPE-A SPECIFIC DESIGN CHART FOR 
ZERO EXIT WHIRL 
In order to construct a specific .design chart for a zero-exit-whirl 
configurationJ the required specific work parameter E must be known. 
The values of the ratios acrJ~acrJl and Pl'acrJl/P3IacrJ3 can be 
computed from the value of E by use of equations (21) and (22) or 
found from figures 4 and 5. A range of blade speeds and rotor inlet 
relative velocities are assigned as critical velocity ratios in the forms 
U/acrJl and W2/a"crJ2. For the required value of E J the inlet whirl 
component can be found from equation (10) with VUJ3/acrJ3 = O. 
VUJ 2 g E 
aCrJl = U!acrJl 
(Bl) 
The rotor inlet relative velocity referred to absolute stagnation temp-
erature can be computed from equations (28) and eBl) as 
1 
W2 { It 1 
a cr J 2 l2g E - (a~';)Jr (B2) 
From the trigonometry of the velocity diagramJ the absolute velocity at 
station 2 is 
1 
(B3) 
the axial component is 
1 
(B4) 
o 
~ 
N 
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With the known absolute critical velocity ratio, the density ratio 
P /p I can be calculated from 2 2 
A plot of this function for r = 1.30 is given in figure 11. The 
specific weight-flow parameter (:vx/placr)2 can then be computed. 
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A flow chart for r = 1.30 is included at the back of this report. 
This chart presents the specific weight-flow parameter as a function of 
the velocity components. 
The specific weight-flow parameter at station 3 can be found for 
an assigned area ratio by substituting in the following form of equa-
tion (17a): 
For this zero-exit-whirl case, (:u/acr)3 = 0 and the exit-velocity 
ratio can be found by use of the large flow chart. 
The exit relative velocity ratio can be computed from 
1 
W3 i( V3 )2 (u acr 1)2J2 
acr ,3 = L~cr, 3 + acr,l acr: 3 
The value of the exit relative velocity ratio based on relative 
stagnation conditions W-Ja ll cr, 3 can be computed by use of equation (26). 
After these components have been computed, the design chart can be 
drawn. In order to obtain lines of constant velocity ratios not assigned 
in the computations, it will be necessary to make use of cross plots. 
The exit eritical velocity ratio for zero exit whirl is a function of 
the specific weight-flow parameter, and an auxiliary scale of v3/acr ,3 
can be plotted along side the ordinate. 
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The envelope, which indicates choking at station 2 (the axial 
component reaching sonic speed) in the type-A specific design chart, can 
be found by using equation (Bl) to compute the inlet tangential com-
ponent for a series of assigned blade speeds . The limiting specific 
weight- flow parameter, for the tangential components thus obtained, can 
be computed by use of equation ( 25) . 
Choking in the annulus at the turbine exit will occur when the 
exit axial component reaches sonic speed. For the zero-exit-whirl 
configuration, the exit critical velocity ratio will reach a value of 1.0 
at this point . 
Equations for the construction of the side plots are given in 
appendix E. 
o 
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APPENDIX C 
CONSTRUCTION OF TYPE-B SPECIFIC DESIGN CHART FOR FIXED 
EXIT CRITICAL VELOCITY RATIO AND VARYING WHIRL 
In order to construct the type-B specific design chart, the desired 
specific work parameter E must be known, and the exit critical veloc-
ity ratio V facr 3 must be fixed. The ratios a 3/a 1 and 3' , cr, cr, 
Pl ' acr,1/p~'acr,3 can be computed for the given value of E by use of 
equations ~2l) and (22) or found from figures 4 and 5. 
The ranges of speeds and specific weight-flow parameters are assumed 
in the following forms: 
u 
The flow at station 3 is first determined. The specific weight-
flow parameter can be computed for an assigned area ratio by using the 
following form of equation (17a): 
By use of the flow chart, the computed value of (pv
x
/p 'acr)3 and 
the fixed value of v3/acr,3' the axia l and tangential components can 
be read. 
The inlet tangential component for the required work can be found 
from the following form of equation (10): 
In most cases, Vu -fa 3 should be negative, that is, the exit tan-
,31 cr, 
gental component is in a direction opposite to the direction of that 
component at the stator exit. 
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The absolute and the axial components V2/acr,1 and V /a x,2 I cr,l 
can be obtained by use of a flow chart and the known values of 
(pvx/p 1acr )2 and VU,2/acr,1. For each value of (pvx/p1acr)Z there 
are two values of V /a • The higher value is used only when the 
u,2 cr,l 
the axial component of the velocity is greater than sonic speed. 
The relative velocity W2/acr,1 can be computed from equation (27). 
This value can be corrected to relative stagnation conditions by using 
either equation (26) or (28). From equation (27) 
1 
(
V 
u,3 
a cr,3 
_U acr ,Z)2J2 
a cr ,2 acr,3 
Angles can be computed from the trigonometry of the velocity diagrams. 
These computations supply the needed information for the construc-
tion of the specific design chart. In order to plot lines of constant 
values of parameters such as critical velocity ratios, however, it will 
be necessary to make use of cross plots, as constant values were not 
assigned in the computations. 
With fixed exit critical velocity ratio, the exit flow angle is a 
function of the specific weight-flow parameter and an auxiliary scale can 
be plotted on the ordiriate. When desired values of the exit angle ~3 
are assigned, the corresponding value of the specific weight-flow para-
meter at station 3 can be read from the flow chart or computed from 
1 
V3 ~ _ ,-1 ( V3 )~'_l sin ~ 
acr,3 L ,+1 a cr ,3 J 3 
Values of the specific weight-flow parameter at station 2 can be 
found by use of equation (17a) and a scale for ~3 can be added on the 
ordinate as shown in figure 8(b). 
I 
I 
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The envelope, which indicates choking flow at the rotor inlet, for 
the type-B specific design charts can be computed as follows: 
The exit critical velocity ratio was fixed and the exit-whirl com-
ponent for the assigned exit angles ~3 can be computed from 
cos ~3 
a cr ,3 
Eaah assigned value of ~3 has a corresponding value of 
(pVx/p'acr )2) which can readily be found as previously outlined. If 
each value is considered to be a maximum (that is, (Vx/a)2 = 1) the 
corresponding tangential component can be found from figure 6. The 
blade speed for that tangential component can be computed from the fol-
lowing form of equation (10) 
U gEl 3 
= 
, 
acr,l Vu ,2 _ Vu ,3 acr ,3 
acr,l a cr ,3 acr,l 
The envelope, which indicates limiting flow at the rotor exit, will 
depend on the assigned value of the rotor exit critical velocity ratio. 
If the value is less than 1.0, limiting flow occurs when the flow is 
axial. The value of the specific weight-flow parameter for this case 
(~3 = 900 ) can be found as previously shown. 
If the value of the exit critical velocity ratio is greater than 
1.0, choking will occur when the axial velocity reaches sonic speed. By 
means of the assigned value of (V/ acr )3, equations (12) and (23) can 
be solved simultaneously for the velocity components (Vu/acr)3 and 
(vx/a
cr
)3 ' The specific weight - flow parameter (pVx/p'a
cr
) 3 can be 
found from equation (11). The value of (pv
x
/p'a
cr
)2 for the assigned 
area ratio can be found from equation (17a). This maximum value is the 
same for all values of blade speed . 
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APPENDIX D 
CONSTRUCTION OF TYPE -C SPECIFIC DESIGN CHART FOR FIXED ROTOR 
INLET RELATIVE CRITICAL VELOCITY RATIO 
AND VARYING WHIRL 
For the construction of this type of chart) the value of the rotor 
inlet relative critical velocity ratio W2/a"cr)2 is set and the ranges 
of blade speeds U/a" and r otor inlet relative angles ~2 are 
cr)2 
assigned. 
Compute 
" a cr 2 ) 
Vx 2 
-::--<-) - = --:;---
" a" a cr)2 cr)2 
sin ~2 
a " 
cr)2 
W2 
-a-:-:-"- - cos ~2 
cr) 2 
These veloci ties) which have been based on relative stagnation 
conditions) can now be corrected t o absolute stagnation conditions by 
use of the f ollowing equation) which was derived from equation (26) 
acr )2 
" a cr) 2 
, -1 G( W2 J2 (V2\~ 
1 - ,+1 0 a"cr) :) ~"cr)2) J 
1 
"2" 
(Dl) 
The values of V2/acr )2) Vx )2/a cr)2) and U/acr )2 can be computed and 
the specific weight -flow parameter (pVx!p ' acr ) 2 can then be found . 
o 
r---
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From equation (17a), for an assigned area ratio, 
(D2) 
The tangential component can be found from a form of equation (10) 
acr,l ~VUl 2 _ g Ell3J 
a a U/a 
cr,3 cr,l cr, 
For the known values of (pVx/p t a cr )3 and (Vu/acr)3' the values 
of the other velocity components may be read from a flow chart (fig. 3) 
and the design chart can be plotted. In order to plot lines of constant 
values of the parameters, it is necessary to use cross plots, because 
constant values of these parameters were not assigned in the computa-
tions. 
The envelope at the inlet to the rotor in type-C specific design 
charts will depend on the assigned value of the rotor inlet relative 
critical velocity ratio. If the value of this fixed critical velocity 
ratio is less than 1.0, limiting flow will occur when the specific 
weight flow (pVx / p t acr ) 2 reaches its limiting value. This value can 
be found by expressing (pVx/p t acr )2 as a function of blade speed 
U/acr,l and the tangential component of the inlet relative critical 
velocity ratio (Wu/acr)2' Differentiating this expression with respect 
to (Wu/acr )2 and setting the derivative equal to zero results in an 
implicit relation between U/acr,l and (Wu/acr )2' Theoretically, 
it will be then possible to express the limiting value of (pV
x
/p t a
cr
)2 
as a function of blade speed U/acr 1 alone. Practically, such an , 
expression for the envelope is difficult to obtain. The line of 
~2 = 900 can be used a s a very close approximation to this envelope 
at the inlet. 
In the case where the value of the fixed rotor inlet relative 
critical velocity ratio is greater than 1.0, the envelope, which indi-
cates choking at the inlet (station 2), can be found as follows: 
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By assigning values of the specific weight-flow parameter at sta-
tion 2 and considering these to be maximum values (that is, the value 
at which the axial component is equal to sonic speed), the correspond-
ing tangential component of the critical velocity ratio can be found 
by use of equation (25) or read from figure 6 . The axial component 
for this condition can be found f rom equation (23). 
The absolute velocity V2/acr,2 is the square root of the sum of 
the squares of the components. The value of the fixed rotor inlet 
relative critical velocity ratio was based on relative stagnation con-
ditions. The value can be referred to absolute stagnation conditions 
by use of the following equations: 
and 
acr ,2 = 
a" 
cr,2 
1 
1 _ r-l ("W2 )2 2 
r+l a cr,2 
II 
a cr,2 
acr,2 
= h 
a cr, 2 
The relative tangential component can be obtained from 
1 
L(ac:~J -(~T 
1 
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and the blade speed corresponding to the choking condition will be 
U 
a cr,2 
Vu 2 Wu 2 
---<-' - - --,-
a a 
cr,2 cr, 2 
The envelope that occurs as a result of choking in the rotor exit 
occurs when the axial velocity at station 3 reaches sonic speed. This 
envelope must be determined by a trial-and-error process . 
A value of the exit tangential component Vu ~acr 3 is assigned , , 
and the corr esponding (pVx/p'acr)3,max value is obtained from equa-
35 
tion (25) or read from figure 6 . For t he assigned value of the area 
ratio and the work parameter, (pVX/ p1 a cr ) 2 can be computed from equa-
t i on (D2). 
A trial-and-error process must then be used to determine the blade 
speed that corresp onds t o the assigned Vu ~acr 3. , , 
The fixed inlet relative critical velocity ratio can be related to 
the absolute velocity components by us ing equations (27) and (28). 
2 ( w )2 
= 
y-l ~ 
y+l L Vu ,2 U a a cr, 2 cr,l 
( 
VX , 2)2 + ( Vu ,2 _ U )2 
acr ,2 acr ,2 acr,l 
(D3) 
With various values of blade speed U/acr,l and the assigned value 
of Vu, 3/acr, 3 equation (10) can be s olved for Vu,2/acr,1 
By using the values of U/acr, ~ and t he corresponding values 
of Vu,2/acr,1 equation (D3) can be s olved for Vx,2/acr,2. 
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When all the velocity components at station 2 are known, equa-
tion (11) can be solved for (pVx/p ' acr ) 2. The values of (pVX/p1acr )2 
thus obtained can be plotted against the assigned values U/acr,l. By 
means of this curve, the blade speed that corresponds to the maximum 
spe~ific weight-flow parameter for the assigned Vu,3/acr,3 can be 
found. If this maximum value of specific weight-flow parameter does 
not fall on the curve, choking has occurred at the rotor inlet, and no 
point can be obtained on the envelope by this method for the assigned 
value of Vu 3/acr 3. , , 
This procedure must be repeated for each point on the envelope, 
and a different value of VU,3/acr ,3 must be assigned for each point. 
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APPENDIX E 
CONSTRUCTION OF SIDE PLOTS 
Mass-flow scale. - For a given mass flow per unit frontal area 
based on tip diameter 
w 
:n:r 2 = :n:r 2 T T 
Also 
:n:r 2 
T 1 
---- = --------~ 
A 1 _ (:~y 
37 
(El) 
(E2) 
The following equation was obtained by solving equation (El) for the 
mass-flow parameter, substituting equation (E2) into equation (El), and 
dividing through by p1acr : 
= (E3) 
A weight flow corrected to compressor - inlet conditions can be used 
if desired . In such a case 
/Be 
W -o-c 1 0c/Fc 
= -:n:-r
T
--
2
- -1--_-(--:-:-)~2 -p~l-a-cr--
With the known turbine inlet total temperature and pressure, p1acr can 
be computed; for a range of weight flows per unit frontal area and 
radius ratios the values of the specific weight -flow parameter can be 
computed, and the side plots that appear at the left of the specific 
design charts can be plotted. 
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Blade-tip speed and stress plot. - For a given range of blade-tip 
speeds and radius ratios, the value of the blade-speed parameter at the 
hub can be obtained from 
By using the assigned values of st ress, blade density and taper factor, 
and radius ratio, equation (4) can be solved for the tip speed 
2g 144 
With these values the side plots that appear under the abscissa of the 
specific design charts can be plotted. 
For multistage turbines, where each stage has the same value of E 
and is of the same type, the same main plot can be used and a separate 
set of side plots must be plotted for each stage . 
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(a) Cross-sectional sketch of typical turbine showing flow stations. 
Figure 1. - Illustrations showing notation used. 
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(b) Velocity diagram for stator and rotor components of stage. 
Figure 1. - Concluded. Illustrations showing notation used. 
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